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We show that the presence of a lightish scalar resonance, σ, that mixes with the composite Higgs
can relax the typical bounds found in this class of models, without introducing substantial tuning.
This allows for a large misalignment angle sθ . 0.6, contrary to the common lore. According to
recent lattice results, the light σ emerges thanks to a near-conformal phase above the condensation
scale, consistent to the requirements from flavour physics. We study this effect in a general way,
showing that it appears in all cosets, in the presence of top partial compositeness. The scenario is
testable as it requires the presence of a second broad Higgs-like resonance, below 1 TeV, that can
emerge at the LHC in the ZZ and tt¯ channels.
Modern Composite Higgs (CH) models [1, 2] are
promising candidates to dynamically and naturally gen-
erate the electroweak (EW) symmetry breaking: a con-
densate breaks, non perturbatively, a global symmetry of
the strong sector that includes the EW gauge symmetry.
The misalignment of the vacuum condensate with respect
to the EW group thus induces a hierarchy between the
compositeness scale f and the EW scale v ≈ 246 GeV,
parameterised as
v = fsθ ,
1 (1)
where θ is the misalignment angle [3]. The Higgs boson
h appears as a pseudo-Nambu-Goldstone boson (pNGB),
thus explaining its lightness compared to the other com-
posite states and its approximate EW doublet nature [4].
In comparison, in Technicolor models [5–7], which are
matched in the limit θ → pi/2, the role of the Higgs can
only be played by a light singlet scalar resonance [8–10]
or a dilaton-like light state [11–13].
One of the main model-building issues encountered in
CH models is the fine tuning in the misalignment that is
required to keep a substantial hierarchy v  f , in com-
pliance with EW precision observables (EWPOs). Due
to large corrections to the oblique S parameter [14–16],
the compositeness scale needs to be sizeably larger than
the EW scale, yielding a fairly model-independent bound
sθ . 0.2 [17–19]. This, however, requires a tuning in the
parameters of the model, which can happen in the top
sector alone [20] or by tuning the current mass term of
the underlying fermions [21, 22]. We remark that the
pNGB Higgs mass is always of order mh ≈ fsθ = v, and
its precise value is encoded in a generally incalculable
strong form factor. A lot of effort has been dedicated to
this issue in the literature, with many mechanisms de-
signed to minimise the fine tuning in the CH potential
(for recent works, see Refs [23, 24]).
1 We adopt the short-hand notation sin θ = sθ, cos θ = cθ and
tan θ = tθ.
In this letter we show that a large misalignment angle,
i.e. moderate and non-tuned hierarchy between v and
f , may be an intrinsic property of most CH models that
feature a nearly conformal (or walking) phase right above
the condensation scale. As we will see, the key player
will be the presence of a light scalar resonance in the
spectrum.
Typically, the top quark couplings to the strong sec-
tor dominate the misalignment dynamics at low ener-
gies. If the top mass is generated by contact interactions
à la extended Technicolor [25], then the natural align-
ment is towards the Technicolor vacuum sθ = 1. It has
been shown in Ref. [19] that the introduction of a light-
ish scalar resonance σ, that mixes with the pNGB Higgs,
can alleviate the tension between EWPOs and the Tech-
nicolor vacuum. Increasing evidence of the presence of a
light scalar state in theories with an infra-red conformal
phase are being collected on the lattice [26–29] and by
the use of gravitational duals [30, 31]. Such state, which
may or may not be a dilaton 2, necessarily mixes with
the Higgs boson. Furthermore, a conformal phase, also
called “walking” [32], can help alleviating the flavour issue
of CH models [33, 34] by increasing the gap between the
compositeness scale and the scales of flavour violation.
Finally, partial compositeness [35] has been identified as
a promising mechanism to give a large mass to the top
quark provided that the fermion operators that linearly
mix with the top feature a large anomalous dimension in
the walking window.
All the features listed above, therefore, point towards
realistic CH models where a light σ is present. Note
that here light refers to mass scales around or above f ,
thus between the EW scale v and roughly 1 TeV. In this
letter we analyse the possibility of having a natural mis-
alignment in CH models with top partners thanks to the
presence of such a light σ. In this perspective, it is in-
2 A dilaton is a pNGB associated to the spontaneous breaking of
conformal invariance at quantum level.
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2teresting to realise that the partially composite top mass
typically depends on the misalignment angle as 3
mt ∝ fs2θ . (2)
Thus, if the potential is dominated by top loops, be-
ing proportional to m2t the natural minimum is at pi/4
(sθ = 1/
√
2) and not at the Technicolor limit. Besides
the issue with EWPOs, a large sθ will also induce large
modification of the pNGB Higgs couplings to SM states.
Interestingly, such corrections are universal and model-
independent [39]: this is due to the fact that they are
determined by the θ–dependence of the masses. The re-
duced couplings to massive gauge bosons V = W±, Z and
top (normalised to the SM values) are, therefore, equal
to
κV =
∂θv
v
= cθ , κt =
v
fmt
∂θmt =
c2θ
cθ
. (3)
The most serious issue is associated with the coupling to
the top that vanishes at θ = pi/4. This property can be
easily understood: the minimum of the potential is given
by 0 = ∂θV (θ) ∝ mt(θ) ∂θmt(θ), thus at the minimum
one has either mt(θ) = 0 or ∂θmt(θ) = 0. As κt ∝
∂θmt, a vacuum with non-zero top mass implies κt = 0.
The recent detection of the tt¯h production channel by
CMS [40] and ATLAS [41] that definitely proves κt 6= 0,
therefore, rules out the most natural minimum. 4 The
presence of a light σ that mixes with the pNGB Higgs can
alleviate both issues of EWPOs and the Higgs couplings.
To show this, we will use an effective field the-
ory approach to describe the properties of the light
pNGB degrees of freedom, plus the σ, without relying
too much on the details of the strong sector. Never-
theless, we will limit the analysis to symmetry cosets
that feature a simple gauge-fermion underlying descrip-
tion [42] and show explicit examples for the minimal
cases: SU(4)/Sp(4) [22], SU(5)/SO(5) [3] and SU(4) ×
SU(4)/SU(4) [43]. The main difference between the 3
scenarios is the number of light pNGBs, respectively 5,
14 and 15 including the Higgs degrees of freedom, while
the other properties relevant for our analysis are univer-
sal. This fact proves the generality of our results, which
can be applied to any coset.
The chiral Lagrangian describing the pNGBs and the
σ is given, schematically, by [22, 44]
L = kG(σ)f
2
8
DµΣ
†DµΣ− 1
2
(∂µσ)
2 − VM (σ)
+ kt(σ)
yLyRfCy
4pi
(Qαt
c)† Tr [(PαQΣ
†PtΣ†)] + h.c.
− k2t (σ)Vt − k2G(σ)Vg , (4)
3 For a survey of different top partner representations in the cosets
SU(4)/Sp(4) and SU(5)/SO(5) see Refs [36–38].
4 The indirect probe from the top-loop induced gluon coupling is
not effective as the strong sector can give additional contribu-
tions.
where Σ = eiΠ/f · Σ0 is the linearly transforming pNGB
matrix defined around the vacuum Σ0. The term in the
second line is responsible for the top mass with the spu-
rions PQ and Pt, VM is a potential for σ, and Vt,g are
the terms in the pNGB potential generated by the top
and gauge loops respectively. We do not require σ to
be a dilaton, even though our general expression can ac-
commodate light dilaton effective Lagrangians [45, 46].
The effective Lagrangian is essentially the same for the
different cosets. In the simplest coset SU(4)/Sp(4) the
pNGB matrix contains the would-be Higgs h, a pseudo-
scalar singlet η and the eaten NGBs pia, while additional
pNGBs are present in larger cosets.
We work in a basis where none of the fields defined in
eq. (4) are allowed to develop a non-zero vacuum expec-
tation value, i.e. both pNGBs and σ are defined around
the proper vacuum. In particular, Σ0 contains the mis-
alignment along the Higgs direction that breaks the EW
symmetry, and the σ-potential VM (σ) includes a tadpole
that balances up the contribution of the pNGB poten-
tial terms. Furthermore, we normalise the σ coupling
functions such that ki(0) = 1 and define k′i = f
∂ki
∂σ
∣∣
σ=0
,
k′′i = f
2 ∂2ki
∂σ2
∣∣∣
σ=0
, etc.
We choose the top spurions in eq. (4) so that the top
mass reads
mt =
yLyRCyfsθcθ
4pi
. (5)
This expression is common in all specific scenarios we
consider. The pNGB potential reads [37]
Vt = −C ′tf4s2θc2θ + . . . , Vg = −C ′tδf4c2θ + . . . . (6)
where we have defined, for later convenience,
δ ≡ Cg(3g
2 + g′2)
2C ′t
, C ′t ≡
Cty
2
Ry
2
L
(4pi)2
. (7)
This leads to the minimum condition
∂V
∂θ
= 2f3sθ (fC
′
t(c2θ − δ)cθ) = 0 . (8)
The zero at sθ = 0 would imply that the EW symmetry
is unbroken (θ = 0). However, as we expect the top loop
to drive the potential to break the EW symmetry (i.e.,
Ct > 0), the minimum of the potential sits at
δ = c2θ , (9)
as long as 0 < δ < 1. It is reasonable to assume that the
top loops dominate, i.e. δ  1, thus the most likely min-
imum should sit at c2θ ∼ 0, which is therefore the most
“natural” misalignment in this class of models. Mov-
ing away from it would require either to enhance δ by
suppressing the top contribution to the potential, or by
adding a sizeable current mass mψ [21, 22], thus falling
into the fine tuning issue of CH models. We will show
that there exist allowed regions in the parameter space
3Constraint Value
i -
Perturbativity |k′G,t| < 4pi
Unitarity [47] γ ≡ mh2
4
√
pif
. 1
Small width Γh2 < mh2
ii -
Combined fit (Run-I) [48] κh1V = 1.035± 0.095
tt¯h production [40, 41] κh1t = 1.12
+0.14
−0.12
Higgs width [48] BR(h1 → BSM) < 0.32
iii - EW fit [49]
S = 0.04± 0.08
T = 0.08± 0.08
correlation σTS = 0.92
TABLE I: List of theoretical and experimental constraints on
the model.
where the minimum can stay close to the most natural
value, θ = pi/4.
From eq. (4) it is straightforward to compute the
masses and couplings of the pNGB Higgs and the sin-
glet by taking derivatives with respect to θ and σ. A
mixing between the two is always present, proportional
to k′t and k′G. We find the following relation between the
mixing term and the mass eigenvalues mh1/2 :
k′G − k′t
t2θ
≡ δA
m2h2 −m2h1
2mh1mh2
, (10)
with |δA| ≤ 1. The couplings of the two mass eigenstates
to the gauge bosons V = W,Z and top quarks read
κh1V = cθcα + (k
′
G/2)sθsα , (11)
κh1t =
c2θ
cθ
cα + k
′
tsθsα , (12)
where α is the mixing angle between the two states h–σ
and the mass eigenstates. The couplings of the heavier
h2 are obtained by α → pi/2 + α. We also include a
derivative-coupling of σ to the pNGBs
gσpi2 = k
′
G
p1 · p2
v
sθ +O
(
m2pi
v
)
, (13)
where pi includes the Higgs and other pNGBs, which will
be crucial for a correct calculation of the width of the
heavier state. All the formulas above are universal and
valid for all CH cosets, where only the total width of h2
will depend on the total number of pNGB in the cosets
(assuming they are all lighter).
We now discuss the constraints on the general model
presented above. The scalar sector h1,2 has only 4 free
parameters: the mass mh2 (we fix mh1 = 125 GeV), the
mixing encoded by δA in eq. (10) (α can be exchanged
with δA), the misalignment angle sθ = v/f , and one re-
maining σ coupling, k′G. We probe the parameter space
of the model by imposing the constraints listed in Ta-
ble I. The main goal is to determine whether large values
of the misalignment angle θ are allowed.
We require that the couplings remain perturbative and
that the total width of the heavy state remains smaller
than the mass to guarantee consistency of the calcula-
tions. The former bound is shown in blue in Fig. (1)(a,b),
while Γh2 = mh2 is marked by a black line for 5, 10 and
15 light pNGBs mpi  mσ. Furthermore, we recall that
the σ contributes to the perturbative unitarisation of the
pNGB scattering, like in QCD [50]. Following the anal-
ysis in Ref. [47], we require that mh2 remains below the
scale of unitarity loss, thus we define a parameter
γ ≡ mh2
4
√
pif
. 1 , (14)
which measures how far we are from that boundary. This
is one of the parameters we fix in Fig. (1).
The constraints at 2σ level on the parameter space
coming from the Higgs coupling measurements are shown
in red in Fig. (1), where the recent observation of tt¯h pro-
duction mode plays a crucial role in constraining the top
Yukawa. The constraint from the new physics decays
of the Higgs can be relevant if additional pNGBs are
lighter than mh1/2: this could be the case for the sin-
glet η, for instance. We illustrate the potential impact of
this constraint with the dashed black line in panels (a)
and (b), which assumes very light η in the SU(4)/Sp(4)
model. Giving a sufficiently large mass to the additional
pNGBs is thus necessary, and this can be easily achieved
by adding a small current mass mψ to the underlying
fermions.
The exclusion from EWPOs is shown by the green re-
gion in Fig. (1). The contribution of the modified Higgs
couplings and of the heavier h2 are accounted for fol-
lowing Ref. [19]. Vector and axial-vector resonances are
also known to contribute to the oblique parameters and
cause cancellations [51, 52]. We find that in all the mini-
mal cosets, the contribution is the same and matches the
SU(4)/Sp(4) computation in Ref. [53]:
∆Sρ =
16pi(1− r2)s2θ
2(g2 + g˜2)− g2(1− r2)s2θ
, (15)
with g˜ being the couplings of the vectors and r a pa-
rameter describing their mixing. We see that for |r| > 1
this contribution to S is negative and tends to reduce the
bound. In Fig. (1), the green region shows the 95% CL
exclusion for r = 1.1 and g˜ = 3, where a large region
is allowed for k′G of order unity, both positive and neg-
ative. The chosen value for r is not tuned to achieve a
cancellation, but by following arguments of perturbative
unitarity and dispersion relations applied to the vector
resonances. We see that requiring unitarity, |aρ| ≈ 1,
where aρ ≡
√
2Mρ(1−r2)
fg˜ [47], requires values r ≈ ±1.08
or r ≈ ±0.9 for g˜ = 3 and Mρ ∼ 4pif . For larger values
of r the partial widths of the vectors into longitudinal
bosons rapidly grow and lead to excessively broad res-
onances, Γρ/Mρ = 1 for r ∼ ±1.12 or r ≈ 0.86. For
low values of r the decay into longitudinal bosons are
uncomfortably suppressed to be motivated in a strongly
interacting theory. We therefore regard r = 1.1 as a well-
motivated value based on the previous considerations. To
certify the solidity of our finding, we also considered a
case where the contribution of the vector is removed: in
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FIG. 1: Excluded regions from indirect (a,b) and direct (c) constraints. In all plots we used δA = −0.9, r = 1.1, g˜ = 3.
Furthermore, in the left panel γ = 0.2, in the middle panel γ = 0.3. In the right panel the bound from direct search in ZZ is
shown in yellow together with the indirect bounds for γ = 0.2 and κg = sθ.
such a case, the two regions at large θ are still present
but shifted towards larger values of k′G.
In Fig. (1) we also show the values of the h2 mass
corresponding to cos(2θ): in order to achieve the mini-
mal fine-tuning, a sub-TeV scalar resonance is required
that may be accessible at the LHC. This is to be consid-
ered a prediction of sigma-assisted low-tuning CH mod-
els. This state will dominantly decay into two massive
gauge bosons, W+W− and ZZ, and tt¯, however current
LHC searches cannot directly apply because of the large
width. Nevertheless, we used the ZZ resonance search
from CMS [54] to estimate the potential reach, with the
caveat that only widths up to 30% of the mass are con-
sidered. The excluded regions for Γ/M = 0.3 (dashed
line) and Γ/M = 0 (solid line) are shown in Fig. (1)(c).
The total width of the model is computed with 5 pNGBs,
as in the SU(4)/Sp(4) coset, and is shown as purple con-
tours for Γ/M = 0.3 and Γ/M = 1. An effective coupling
to gluons κg = sθ was assumed (equivalent to one heavy
quark with Higgs-like coupling running in the loop). Us-
ing the framework developed in Ref.[55] we find that res-
onant production of tt¯ can be competitive to ZZ for large
σ-gluon effective coupling, e.g. excluding c2θ & 0.7 for
κg = 5sθ in this specific scenario. The presence of this
sub-TeV broad resonance in ZZ and tt¯ is a smoking gun
of this scenario, and our estimates clearly motivate ded-
icated large-width searches at the LHC.
In conclusion, we have shown that CH models with
a walking phase above the confinement scale can allow
for large misalignment angles, i.e. a mild and non-tuned
hierarchy between the confinement and the EW scales,
provided the presence of a sub-TeV resonance. This phe-
nomenon can be tested at the LHC by dedicated searches
for broad scalar resonances in the ZZ and tt¯ channels.
While lattice results already provide a strong hint for the
presence of a lightish σ, another crucial test would be the
first-principle calculation of its couplings.
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I. MODEL DETAILS
In this section we derive in more detail the properties
of the scalar states used to achieve the results presented
in the main text.
From the Lagrangian in eq. (4), we can extract the
masses, mixing and couplings of the would-be pNGB
Higgs h and σ. The mass matrix is given by
− 1
2
(h σ)
(
m2h m
2
ht
−1
2θ (k
′
G − k′t)
m2ht
−1
2θ (k
′
G − k′t) m2σ
)(
h
σ
)
,
(I.1)
where
m2h = −8
Ct
|Cy|2m
2
t , (I.2)
while we consider the mass of σ as a free parameter as
it receives a potentially dominant contribution from the
potential,m2σ ∼ V ′′M/f2+O(m2t ). As already highlighted,
this mass structure is general and coset-independent.
The masses of the physical eigenstates h1,2 are given
by
m2h1,h2 =
1
2
{
m2σ +m
2
h ±√
(m2σ −m2h)2 + 4(k′G − k′t)2t−22θ m4h
}
. (I.3)
In principle, either state can play the role of the 125 GeV
Higgs, however we expect the σ to be heavier than the
EW scale and its couplings to be far from the SM ones.
Thus, we will conservatively associate the Higgs boson
with the lighter state, mh1 = 125 GeV, and make sure
that in the limit of no mixing, where (k′G−k′t)→ 0,mh →
mh1 and mσ → mh2 . This is justified in the context of
a composite heavier sector. The relation between the
mass eigenvalues and the mass parameters in the mixing
matrix of eq. (I.1) can thus be inverted as follows:
m2h,σ =
1
2[(k′G − k′t)2t−22θ + 1]
{
m2h2 +m
2
h1 ±
√
(m2h2 −m2h1)2 − 4(k′G − k′t)2t−22θ m2h1m2h2
}
. (I.4)
We remark that both solutions are real and positive, pro-
vided that the argument of the squared root is positive.
This requires the following relation to hold:∣∣∣∣∣k′G − k′tt2θ 2mh1mh2m2h2 −m2h1
∣∣∣∣∣ ≤ 1 . (I.5)
This relation explains the definition of δA in eq. (10) and
the fact that |δA| ≤ 1. This relation also implies a bound
on mh, i.e. the mass term for the pNGB Higgs can-
didate h, that mh1 < 2(1 −
√
1− δ2A)/δ2Amh. In the
extreme cases |δA| = 1, it yields mh <
√
2mh1 . In
fig. (I.1) we show values of mh as a function of δA. For
mh2 > 1500 GeV the lines fall on top of the others, so
the dependence of mh on δA is quite rigid. This result
shows that mh can be larger than the physical value of
the Higgs mass, thus contributing on releasing the tuning
associated to the Higgs mass value.
The mass eigenstates are related to h, σ by a rotation(
h1
h2
)
=
(
cα sα
−sα cα
)(
h
σ
)
, (I.6)
with the mixing angle α given by
tan 2α = −2(k
′
G − k′t)t−12θ m2h
m2σ −m2h
. (I.7)
The mixing angle has extremal values t2α = 0 for δA = 0
and t2α = ∓2 mh1mh2m2h2−m2h1 ≈ ∓2
mh1
mh2
for δA = ±1, thus it
always tends to be small and suppressed by the mass
ratio mh1/mh2 . For illustration, in fig. (I.2) we show
some numerical values.
The reduced couplings of the two mass eigenstates to
the top and to the weak bosons V = W±, Z are given in
eq.(11)-(12). The potential also generates trilinear cou-
plings among the pNGBs, which are model dependent
and not very relevant for our discussion.
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In fact, for heavy masses (mh2 ≈ mσ  v) the total
width of the heavier scalar h2 is dominated by the σ com-
ponent, and given by the model-independent derivative
coupling in Eq. (13). It reads
Γ/mh2 ≈
Npik
′2
G
128pif2
m2h2 + k
′2
t
Ncm
2
t
8pif2
, (I.8)
with Npi being the number of light pNGBs. The first
term can be recognised as the partial width into pNGBs,
while the second is the partial width into tops. For our
perturbative treatment of the mixing between h and σ,
we need to make sure that the width remains small or
comparable to the mass of the scalar.
A. Current mass of the underlying fermions
The details provided in the previous section are general
as they equally apply to all cosets under study. However,
the presence of a current mass for the underlying fermions
modifies the effective Lagrangian in a different way for
different cosets. As it may be relevant to give a mass
to all the additional pNGBs, as commented in the main
text, we will describe here its effect.
The main one is the presence of an additional potential
term −km(σ)Vm, whose dependence on the misalignment
angle depends on the specific coset. We always consider
here a common mass term for all fermions, aligned with
the θ = 0 vacuum, knowing that mass differences do not
affect the results. We find that for cosets SU(4)/Sp(4)
and SU(4)× SU(4)/SU(4) (case A) we have
VA(m) = −4Cmmψf3cθ + . . . (case A) , (I.9)
while for SU(5)/SO(5) (case B)
VB(m) = −2Cmmψf3c2θ + . . . (case B) . (I.10)
In either form, this term adds 2 extra parameters to our
study, Cmmψ and k′m, and modifies the vacuum condition
and the scalar mass mixing. It is convenient to replace
the first parameter with the mass term
m˜2h = −4Cmmψf , (I.11)
which provides an additional contribution to the pNGB
Higgs mass h equal to m˜2hcθ for case A and m˜
2
hc2θ for case
B. To avoid cancellations and fine-tuning in the Higgs
mass, we will work under the assumption that m˜2h  m2h,
so that the results presented in the main text are only
marginally modified. This is consistent with the require-
ment of generating a small but non-zero mass to some
potentially massless pNGBs, as required by phenomenol-
ogy.
The vacuum condition of eq. (9), δ = c2θ, is now mod-
ified to
m˜2h = 2C
′
tf
2cθ(c2θ − δ) (case A) , (I.12)
m˜2h = C
′
tf
2(c2θ − δ) (case B) . (I.13)
The mixing matrix between h and σ is now
−1
2
(h σ)
(
m2h Am
2
h +Bm˜
2
h
Am2h +Bm˜
2
h m
2
σ
)(
h
σ
)
, (I.14)
with A = t−12θ (k
′
G − k′t) as in eq. (I.1) and
B = sθ(k
′
m + k
′
t − 3k′G) +
tθ
2cθ
(k′G − k′t) (A) ,(I.15)
B = s2θ(2k
′
G − k′m) (B) . (I.16)
mh is also modified in case A
m2h = −8
Ct
|Cy|2m
2
t +
s2θ
cθ
m˜2h , (A) , (I.17)
where the vacuum condition has been used to get rid of
δ.
The masses of the physical eigenstates h1,2 are given
by
m2h1,h2 =
1
2
{
m2σ +m
2
h ±√
(m2σ −m2h)2 + 4(Am2h +Bm˜2h)2
}
. (I.18)
We again conservatively associate the Higgs boson with
the lighter state, mh1 = 125 GeV, and make sure that in
the limit of no mixing, where A,B → 0, mh → mh1 and
mσ → mh2 . The relation between the mass eigenvalues
and the mass parameters in the mixing matrix of eq. (I.1)
can be inverted as follows:
3m2h,σ =
1
2A2 + 1
{
m2h2 +m
2
h1 − 2ABm˜2h ±
√
(m2h2 +m
2
h1
− 2ABm˜2h)2 − 4(A2 + 1)(B2m˜2h +m2h1m2h2)
}
. (I.19)
This expression reproduces eq. (I.4) for B = 0. Similarly
to the massless fermion case we require the argument of
the squared root to be positive and define δA as
A = δA
m2h2 −m2h1
2mh2mh1
√
1 +
B2m˜4h
m2h2m
2
h1
− m
2
h2
+m2h1
2mh2mh1
Bm˜h
mh2mh1
, (I.20)
and δA is bound to be −1 < δA < 1.
These results show explicitly that the effect of the cur-
rent mass for the underlying fermions does not have a
strong effect on the numerical results we present in the
main text.
II. CONSTRAINTS
In this section we give further details on some aspects
of the constraints we discussed in the letter and sum-
marised in Table I.
A. Consistency conditions
We consider 3 consistency conditions on the parameter
space of our effective model.
Firstly, we require that all couplings are perturbative.
To this effect, we demand that all the σ-couplings respect
|k′i| < 4pi, i = t, G,m, with k′m introduced together with
the fermion mass discussed above.
Secondly, for perturbative unitarity constraints we de-
mand that the pNGB scattering remains perturbatively
unitary up to the condensation scale 4pif . We will
base our estimate on the leading order calculation, even
though radiative corrections typically tend to increase
the amplitude and push the resonance mass to lower val-
ues [1]. Neglecting effects from the potential, which are
irrelevant at high energies, the asymptotic behaviour of
the pNGB scattering in the sigma channel (projection on
zero isospin and angular momentum, I = J = 0) is given
by
a
(0)
A0(s) ≈
Nfs
32pif2
, (II.1)
where Nf is the number of Dirac fermions. We thus
require that the mass of the σ lies below the energy scale
where the above amplitude grows larger than 1. This
bound can be written as γ ≤ 1 with γ defined in eq. (14)
for Nf = 2. The bound gets more stringent for Nf > 2.
Thirdly, we require that the heavy scalar width re-
mains small compared to the mass. Although a broad
state is a plausible scenario, we require Γ/M < 1 in or-
der to trust our perturbative calculations.
B. Higgs measurements
Since the discovery of the Higgs boson, both ATLAS
and CMS have been measuring its couplings with increas-
ing precision. These measurements provide relevant lim-
its on any model that modifies the Higgs sector. The
reduced couplings of h1 to V = W±, Z and the top are
given in eqs (11)-(12). In general, the couplings to light
fermions, like the bottom and tau, will also be affected,
while direct contributions of the strong sector may af-
fect the couplings to gluons and photons, which are loop
induced in the SM. However, the details are model de-
pendent. Here we want to be conservative, so we will
extract only bounds on κV and κt that are independent
on other measurements. For the coupling to vectors, we
use the combined fit of ATLAS and CMS after Run-I [2]
and extract the bound on κV from the most general fit.
The coupling to tops is bound indirectly by the mea-
surement of the gluon fusion cross section. However, if
we allow for a generic contribution to the gluon coupling
from new physics, the only solid bound comes from the
observation of the tt¯h production mode [3, 4]. We thus
translate the most stringent bound on the signal strength,
µ = 1.26+0.31−0.26 from CMS, to a bound on κt. The Higgs
coupling bound we impose are, therefore,
κV = 1.035± 0.095 , (II.2)
κt = 1.12
+0.14
−0.12 . (II.3)
Note that Run-II bounds on the couplings to vectors are
becoming more constraining, however a combination is
still not available and we refrain to do it as taking into
account systematics of the experiments cannot be reliably
done. The regions excluded at 2 sigma level are shown
in fig. (II.1). This constraint is the most sensitive to
the mixing parameter δA and it can be seen that a value
|δA| & 0.7 is required for the mechanism to work (for
δA < −0.7 the exclusion plot is flipped requiring positive
k′G), mainly due to the Higgs-top coupling.
The Higgs properties are also affected by the presence
of other light pNGBs, whose masses can be below the
threshold to contribute to the Higgs decay width. The
global fit of Ref. [2] provides the following bound on
the branching ratio of the Higgs into undetected non-SM
states
BBSM < 0.32 , (II.4)
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at 2 sigmas. This imposes a strong constraint on the
parameter space due to the Higgs decay. We estimate
the Higgs total width as
Γ = (cθcα)
2(Γb + Γτ ) + (κ
h1
V )
2ΓV + Γg + ΓBSM , (II.5)
where Γx are the SM partial widths. This expression
assumes that the bottom and tau get their masses from
a bilinear term, as in Ref. [5]. For the decay into gluons
we use the SM value as a first approximation.
To compute the BSM partial width ΓBSM we consider
a particular model base on the coset SU(4)/Sp(4), where
only one extra pseudo-scalar pNGB η is present. The
decay h → ηη is driven by the couplings ghη2 and gση2
which we computed exactly. The bound from eq. (II.4)
is shown as a dashed line in the left panels of fig. (1) for
mη ≈ 0. We see that it allows to exclude the large values
of θ, thus it is necessary to give mass above threshold to
the singlet mη > mh1/2. The mass of η in this model is
given by
m2η = m˜
2
η +
A
4
(
m2h
c2θ
− m˜2ηt2θ
)
, (II.6)
where
m˜2η = −
8vCmmψ
s2θ
(II.7)
is the mass generated by the fermion current masses and
A ≤ 1 for the anti-symmetric top spurion, and zero oth-
erwise. The actual value of A depends on the embedding
of the top singlet tR. Therefore, in the anti-symmetric
case, the condition mη > mh1/2 might be fulfilled even
for vanishing underlying fermion mass. Note that Higgs
off-shell production pp→ h∗ → ηη might also be sizeable
and give interesting final states as η → Zγ below the
WW threshold [6, 7]. Thus the final state ZZγγ (with
off-shell Z if mη < mZ) may be a smoking gun for this
model.
C. EWPOs
The effect of the Higgs coupling modification and h2
can be described in the oblique formalism as [7]
∆S =
1− (κh1V )2
6pi
log
Λ
mh1
− (κ
h2
V )
2
6pi
log
Λ
mh2
+ ∆STC , ∆T =
−3(1− (κh1V )2)
8pic2θW
log
Λ
mh1
+
3(κh2V )
2
8pic2θW
log
Λ
mh2
, (II.8)
where ∆STC = NDs2θ/(6pi) is the contribution of the
strong sector [8, 9], with theND factor counting the num-
ber of EW doublets in the underlying theory and we use
Λ2 = 2pi2f2 as the compositeness scale.
Vector and axial-vector resonances are also known to
contribute to the oblique parameters and cause can-
cellations [10, 11]. Following Ref. [12] we computed
that contribution to the S-parameter under the assump-
tion of Vector Meson Dominance for the three cosets
SU(4)/Sp(4), SU(5)/SO(5) and SU(4) × SU(4)/SU(4)
and it amounts to replacing the term ∆STC with
∆STC → ∆Sρ = 16pi(1− r
2)s2θ
2(g2 + g˜2)− g2(1− r2)s2θ
, (II.9)
with g˜ and r being non-perturbative parameters of the
chiral Lagrangian. A cancellation thus happens for r > 1,
where the new correction to S is negative. Note that this
result is not present elsewhere in the literature.
5Other pNGBs also contribute to the EWPO at one loop
level. For example in the coset SU(4)×SU(4)/SU(4) they
contribute [13]
∆Spi = − s
2
θ
4pi
,∆T =
sθ
16pis2W
(
m2H± −m2A
m2W
)
log
(
Λ2
m2pi
)
(II.10)
with H±, A the usual nomenclature of two Higgs dou-
blet models. This effect is sub-dominant compared to
the Higgs and the vector and axial-vector one. In
SU(5)/SO(5) extra care must be taken to avoid that the
EW triplet pNGB gets a vacuum expectation value thus
generating a large tree-level contribution to the T param-
eter [14].
In fig. (II.2) we show how the excluded region from
EWPOs varies as a function of some parameters in the
model to prove the robustness of the results presented in
the main text. To fix r we choose the unitarity motivated
value aρ ≡
√
2Mρ(1−r2)
fg˜ = −1 with Mρ = 4pif . Further-
more, in the left panel we fix γ = 0.2 and δA = 0.9
and vary g˜ = 1, 2, 3, 5 (shown in black, magenta, red and
blue respectively). In the middle panel we fix g˜ = 3 and
δA = 0 (no mixing) and vary γ from 0.2 to 0.5. The ex-
cluded region in the figure is obtained using a χ2 method
with S = 0.04, T = 0.08, σS = 0.08, σT = 0.07 and
correlation σTS = 0.92 [15]. The figure shows that the
valleys always appear for typical values of the parame-
ter space, and they only tend to disappear if g˜ is small.
However, g˜ being the vector coupling, it is expected to
be substantially larger than one. This result again proves
the robustness of our general results.
III. DIRECT SEARCHES FOR THE HEAVY
SCALAR AT THE LHC
The main signature of this model is the presence of a
second “Higgs” h2 that can be observed at the LHC. Its
mass is a free parameter, however, as we have seen, its
mass is limited below a TeV by requiring perturbative
control of the effective theory. The production mecha-
nisms are the same as for the SM Higgs, namely gluon
fusion (ggF) and vector boson fusion (VBF), with asso-
ciated production with tops to a lesser extent.
The production of h2 via ggF is difficult to estimate
due to its loop-nature - besides the top loop generated
by the top coupling in eq.(12), the strong dynamics can
give an additional direct coupling term. To understand
the structure of the latter, we analyse the possibility that
it is generated dominantly by a loop of a heavy top-like
resonance T , a.k.a. top partner. The coupling of the σ
will have the form
kT (σ) MTT T¯ =
(
MT + k
′
T
MT
f
σ + . . .
)
T T¯ , (III.1)
where the top partner mass MT = gT f , with gT =
O(1) < 4pi. Thus, one can define a reduced coupling
κσT = k
′
T gT sθ , (III.2)
which is explicitly suppressed by a power of the misalign-
ment angle. This suppression will appear in the effective
coupling to gluons, which will thus be κh2g ∝ sθ.
To estimate the production cross section of h2 we use
the N3LO result for ggF [16] and the NNLO for VBF
production [17, 18], and rescale the SM Higgs production
cross section as follows:
σ = σgg0
|κh2t AF (τt) + κh2g |2
|AF (τt)|2 + σ
V BF
0 (κ
h2
V )
2 , (III.3)
where AF (τt) is the standard loop amplitude for the top
quark in the SM. Following the argument above, in the
following we will fix the strong dynamics contribution to
the coupling to gluon as κh2g /sθ = const.
The strongest experimental constraint on a heavy
Higgs-like resonance comes from ZZ searches. The main
issue with reinterpretation of the experimental result is
due to the fact that h2 in this model tends to be very
broad. In Ref. [19] the CMS collaboration considered
broad scalar resonances decaying into ZZ final states,
with widths up to Γ/M < 0.3. We can thus extract
expected exclusions by simply comparing the production
rates of the ZZ final states directly with the experimental
results. This is shown in fig. (III.1) for the parameters
specified in the caption. The yellow region is thus ex-
cluded at 95% CL, and we show in dashed the result for
a narrow resonance and in solid for Γ/M = 0.3. The fact
that the two curves are close shows that the large width
effect is not very important at these levels, however we
should stress that the region of interest features larger
widths than 0.3 M , so that care should be taken when
extending the projected exclusions. In magenta we also
show the contours with Γ/M = 0.3 and Γ/M = 1, show-
ing that the large misalignment region does have larger
widths than 30% of the mass. In the right side of each
plot we show the mass of h2, which is not fixed in the plot
but varies with c2θ following eq.(14) once we fix γ = 0.2
or 0.4. The increase of the mass for θ → 0 is compen-
sated by an increase of the branching ratio into gauge
bosons in the same limit, thus explaining why we do not
lose too much sensitivity for larger h2 masses.
In this scenario, decays into tops are also relevant:
for instance, in the allowed region of the left panel of
fig. (III.1), the branching ratio of h2 → tt¯ lies between
70% and 90%. However, this is a very challenging search
due to large interference between signal and background.
Here we have used the framework developed in Ref.[20] to
access the power to discover the heavy scalar via top pair
production taking these specific parameters as bench-
mark. The analysis is based on the comparison of the
measurement of the differential cross section of the tt¯ in-
variant mass distribution in tt¯ process at particle level
done by the ATLAS collaboration in a resolved [21] and
a boosted regime [22]. Only for large values of κh2g & 4sθ
this search becomes competitive with the ZZ search. In
the right panel of fig. (III.1) the bound from top pair pro-
duction appears as we chose κh2g = 5sθ. The exclusion is
derived by a line-shape analysis on them(tt¯) distribution,
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FIG. III.1: Region potentially excluded at 95% CL by the CMS ZZ search, in yellow, superimposed on tt¯ search, in magenta
in the right plot, and previous indirect bounds in orange. The yellow shaded region with solid contour correspond to the limit
for Γ/M = 0.3, while the dashed line corresponds to Γ/M = 0. We used δA = 0.9, r = 1.1, g˜ = 3, and in the left panel γ = 0.2,
κg = sθ, in the middle panel γ = 0.4, κg = sθ and in the right panel γ = 0.2, κg = 5sθ (note the different range).
which assumes that the data fit exactly the SM prediction
for collisions at a centre of mass energy of
√
s = 13 TeV
and integrated luminosity of 20 fb−1. We used a m(tt¯)
resolution of 40 GeV, uncorrelated systematic errors of
15% on all bins and a theoretical uncertainty of 5%. How-
ever, a dedicated experimental analysis searching for this
kind of broad resonances, with variable values of the total
width and effective gluon couplings, would be necessary
to ascertain the reach at the LHC.
IV. TECNI-σ INTERPRETATION
We have mentioned in the main text that some lattice
results contain strong hints that a light σ is present in
models that feature a dynamics close to an IR fixed point.
In this section we would like to substantiate a bit more
this claim, and also discuss whether the values of the
couplings k′G and k
′
t are reasonably expected. We recall
that the σ under discussion can be identified with the
lightest JP = 0+ resonance of the composite dynamics.
The mass of the singlet scalar 0+ is a difficulty quan-
tity to be measured on the lattice [23]. Some results are
available for a theory based on SU(3) with fermions in the
fundamental, which can play the role of a template for
composite Higgs models if some of the many flavour are
heavy [24]. This theory features 12 flavours, 8 of which
are heavier while the remaining 4 determine the low en-
ergy properties of the theory. Lattice results thus find the
presence of a 0+ state which remains degenerate to the
pNGBs for all the masses probed on the Lattice [24–26].
Similar results have been obtained for 8 light flavours [27–
29], which are believed to be near-IR-conformal (see also
Ref. [30]). 1 A light 0+ state has also been identified
in an SU(3) model with two Dirac fermions transform-
ing as a sextet [32] and an SU(2) model with one Dirac
adjoint [33].
The main result contained in these works is that in
1 For recent results in QCD, see Ref. [31].
7theories with enough fermion flavours to be close to an
IR conformal fixed point, a light σ resonance seems to
appear, near-degenerate with the pNGBs. Note that it
is very challenging to interpolate this result in the chiral
limit, precisely because the value of the light σ mass is
close to the pion one (which should tend to zero). Nev-
ertheless, the closest results to the chiral limit indicate
that the σ remains at least lighter than 1/2 of the mass
of the ρ. Note that this is not a result applicable to all
theories: for instance, for SU(2) with 2 Dirac fermions in
the fundamental, it was found mσ/f = 19.2(10.8) [34],
where the large error comes from the difficulty to extract
this mass on the Lattice. For an Sp(4) gauge model there
are only preliminary results available for a pure glueball
state [35].
The unitarity of the partial wave amplitudes gives a
bound mσ <
√
32pi
Nf
f ≈ 7f, 5f, 3.5f for Nf = 2, 4, 8. Es-
timates based on Schwinger-Dyson equations similar to
the QCD σ estimate [36] also indicate a low value for
mσ [37], but the computation has been done for a TC
theory f ∼ v and cannot be extrapolated straightfor-
wardly to our case. Gravitational dual results also in-
dicate the lightest scalar mass is low compared to the
other states [38, 39]. All these results seem to point to
the presence of a light scalar in theories near the confor-
mal window.
We now turn our discussion towards the couplings.
The value of k′G, which can be identified to the coupling
of the σ to pNGBs, see eq.(13), have also been discussed
in the literature. For QCD dynamics it has been noticed
that the linear-sigma model describes amazingly and in-
triguingly well data [40]. This corresponds to a k′G ≈ 2.
This coupling has been reproduced in the lattice [41] as
well as using dispersion and unitarisation methods [42].
A similar approximative approach has been used in the
Composite Higgs context [1, 43].
In Ref. [40] the coupling of σ to SM fermions was ad-
dressed under the assumption of a bilinear giving mass
to the fermions à la Extended Technicolor, which leads
to a SM-like coupling k′t ≈ 1. This result, however, does
not apply to our case where the top mass is generated by
partial compositeness. Furthermore, in our case larger k′t
values are necessary to fulfil the considered constraints,
as shown in fig. (IV.1) for γ = 0.2 and δA = −0.9. We see
that the large misalignment region (low values of cos 2θ)
requires 4 . |k′t| . 7. Such large couplings would indi-
cate a considerable mixing of the top quark with the top
partners. Schematically the origin of the σ−top coupling
can be written as
k′T
σ
f
MT T¯ T → σk′T
MT sLsR
f
t¯t (IV.1)
with sL,R being the mixing of the left and right-handed
tops with the top partners. Therefore,
k′t ≈ k′T
MT sLsR
f
≈ O(4− 7) (IV.2)
which can be achieved with order 1 couplings.
In summary, we show that all three relevant parame-
ters can fit in a techni-σ interpretation.
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